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@ Volume holographic diffuser. 



@ A diffuser employing a purely phase volume holographic medium recorded with scattering bound- 
aries defining smoothly varying changes in the refractive index of the medium arid providing increased 
optical path- lengths for light traveling through the diffuser is disclosed. The scattering boundaries in the 
thick volume holographic medium are characterized by the absence of sharp boundaries or lines which 
would tend to abruptly change the direction and intensity of light passing through the medium. The 
smooth or gradual boundaries or regions of the material defined by smoothly varying changes In the 
refractive index cause the medium to act like a GRIN medium and the behavior of the medium can be 
explained using the GRilN model. The purely phase GRIN type medium scatters all light incident the 
medium and no significant reflection of light incident thereon occurs. Consequently, the diffuser causes 
light passing through it to travel in a random, curved and lengthened optical path which greatly 
improves its diffusing characteristics. 
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This invention pertains to the diffusion of light. More particulariy, this invention relates to volume 
holographic scattering of light based on speckle theory. 

Diffusers are used to scatter light so that an object In the path of the diffused light is illuminated from a 
number of directions. Typical state of the art diffusers are made from ground glass or photographic emulsion, 
5 and a typical diffuser mrght be the outside of a frosted light bulb or a ground glass plate or other rough surface 
placed near a light source. Ground or milk glass diffusers scatter light unifonnly through large angles and have 
been used to average the effects of noise as discussed in M.J. Lahart and A.S. Marathay, Image Speckle Pat- 
tems of Weak Diffusers, J. Opt. Soc. of Amer. 65. 769 (1975). 

It is well known that when coherent light is incident on a surface which is optically rough, such as the above 

10 ground giass diffuser, a random intensity pattern is formed. This intensity pattern is typically called speckle. 
Speckle is present anywhere in space beyond a diffuser illuminated with coherent light as discussed in J.C. 
Dainty, Optica Acta. 17, 761 (1 970). A number of authors including Dainty have studied the statistics of speckle 
created by an illuminated diffuse object. The pioneering analysis in this regard was made by L.I. Goldfischer, 
Autocorrelation Function and Power Spectral Density of Laser-Produced Speckle Patterns, J, Opt. Soc. of 

15 Amer., 55, 247 (1965). In his study, Goldfischer described the general structure of light scattered by diffusers 
as well as the characteristic speckle pattern. Goldfischer exposed photographic film directly to backscattered 
radiation from a diffuse surface illuminated by a coherent monochromatic source. 

In S. Lowenthal and H. Arsenault, Image Formation for Coherent Diffuse Objects: Statistical Properties, J. 
OpL Soc. of Amer, 60. 1478 (1970), a related concern, the determination of the statistics of the image given 

20 by an optical system with a coherent diffuse object was studied. While speckles are related to a random struc- 
ture of a diffuser illuminated by coherent light, the spatial coherence of light is related to the random structure 
of the source radiation itself. W.H. Carter and E. Wolf, Coherence and Radiometry with Quasi Homogeneous 
Planar Sources, J. Opt. Soc. of Amer., 67, 785 (1 977) studied spatial coherence and quasi homogeneous sour- 
ces generally. M.G. Miller, et al.. Second-Order Statistics of Laser-Speckle Patterns, J. Opt. Soc. of Amer., 65, 

25 779 (1 975) discussed the statistics of laser speckle patterns in a plane some distance from a coherently illumi- 
nated object M. Kowalczyk, Spectral and Imaging Properties of Uniform Diffusers, J. Opt. Soc. of Amer., 1, 
192 (1984) sets out the theory relating to thin phase diffusers in coherent imaging systems. 

A specific form of computer generated diffuser called a kinoform has also been studied. A kinofomi is a 
computer generated wavefront reconstruction device which, like a hologram, provides the display of a two 

30 dimensional image. In contrast to a hologram, however, a kinoform yields a single diffraction order and refer- 
ence beams and image separation calculations are unnecessary. A kinoform is purely phase because it is 
based on the assumption that only phase information in a scattered wavefront is required for the construction 
of the image of the scattering object. Kinofonms are discussed in L.B. Lesem et al., The Kinofomn: A New Wavef- 
ront Reconstruction Device, IBM J. Res. Develop., March 1969 and H.J. Caulfield, Kinofomi Diffusers (SPIE 

35 Proc. Vol 25, 111 (1971). Caulfield provides a general description of kinoform phase diffusers and found that 
the angular spectrum of light scattered from a diffuser increases when the angular size of the aperture of the 
diffuser increases. Caulfield tested this by varying the distance between a diffuser mask comprising ground 
glass and a kinoform made of bleached silver halide. The textbook by J.W. Goodman, Statistical Optics, Wiley 
Interscience (1985) is a useful reference in studying the statistics of diffusers, speckles, and partial coherence 

40 of light as well as the spatial coherence of light, scattered by moving diffusers. Collier et al.. Optical Holography, 
Academic Press (1971) is also helpful and like the other references cited is incorporated by reference herein. 
The above diffusers, based on ground or milk glass, bleached silver halide plates, or surface type photo- 
resist plates provide diffusion primarily only at their surface. This reduces the path length of the light affected 
by the diffuser thereby reducing the flexibility of the diffuser (the number of applications to which it may be put) 

45 and lowering losses due to reflection of the light in unwanted directions. 

A diffuser which increases the optical path interaction length of the light in the diffuser would make it poss- 
ible to design diffusers for many different types of applications that are currently not served well by state of the 
art diffusers and increase the efficiency of transmitted light through the diffuser. A diffuser which may be rotated 
would provide regulated spatial coherence useful in a number of applications. 

50 A volume holographic diffuser which presents a large optical pathlength to light incident the diffuser and 

increases transmission efficiency is presented. Specifically, a volume holographic medium recorded with a 
speckle pattern yields a diffuser having gradually changing refractive indices perpendicular to the surface with 
respect to the rest of the volume. The diffuser provides light beam shaping capability by recording speckles of 
a certain shape in the diffuser which scatter collimated light into a controlled pattern with smooth brightness 

55 variation. The controlled diffusion achieves structure-less illumination patterns having uniform brightness with 
no hot spots or visual glare. 

The diffuser achieves controlled directionality (angular distribution) of the diffused beam by insuring that 
the collimated light beam incident the diffuser is randomly scattered into a wider set of directions, generally 
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increasing. the entropy or disorder of the light beam through volunne scattering. Through volume scattering, the 
dtffuser takes advantage of the cumulative effects of passage of the light through an extended gradually scat- 
tering medium. Instead of scattering the light using sharp edges or boundaries found in ground glass or photo- 
resist surface diffusers as well as the silver grains of bleached silver halide, the volume holographic diffuser 
of the present invention scatters light from the smoothly varying changes in the refractive index of the diffuser 
where the speckles are recorded. 

By controlling the way in which the speckles are recorded in the volume holographic diffuser, highly con- 
trolled diffusion of light is possible with relative ease and low cost compared to state of the art diffusers. Different 
patterns of spatially fluctuating refracting index can be recorded in the volume and tailored so that the resulting 
scattered beam can take a variety of angular shapes depending on the application. Conseguently, the diffuser 
may be employed in a wide variety of lighting tasks in which controlled diffusion as well as color correction are 
needed. 



Description of the Drawings 



Figure 1 is a schematic of a light beam Incident a light scattering structure having random surface variations; 
Figure 2 is a schematic of phasor n having imaginary and real components and an angle <I> with respect 
to the real axis; 

Figure 3 is a depiction of the summation of three phasors Vi, V2. V3 having different amplitudes and phase. 
Figure 4 is a schematic of a mask diffuser aperture described by the relation P(u.v); 
Figure 5 is a schematic of a recording setup used to produce volume diffusers in accordance with the pre- 
sent invention; 

Figure 6 is a schematic of a mask diffuser aperture having height W and width L; 
Figure 7 is a schematic of the autocorrelation function of two rectus functions; 

Figure 8 is a schematic of external light rays scattered from a mask diffuser aperture onto a diffuser of the 
present invention; 

Figure 9 depicts an example of the shape of a light beam scattered from a diffuser 

Figure 10 is a schematic of the sine function which describes the shape of a speckle recorded in a volume 

diffuser of the present invention; 

Figure 11 is a schematic of the shape and size of a speckle recorded in a volume diffuser of the present 
invention; 

Figure 1 2 shows the relative size of a mask diffuser aperture and the angular distribution of light scattered 
from a volume diffuser, 

Figure 13 is a schematic of a volume diffuser of the present invention having thickness t and interaction 
length L3; 

Figure 14 is a schematic of a light beam diffracted within a medium having a number of different refractive 
indices; 

Figure 15 is a schematic of light beams diffracted from a mask diffuser aperture incident upon point P on 
a volume diffuser of the present invention; 

Figure 16 is an illustration of light scattered and reflected within a state of the art diffuser material such as 
bleached silver halide; 

Figure 17 is an illustration of the smooth diffraction of a light beam within a volume diffuser of the present 
invention recorded with speckle; 

Figures 18A-D show the evolution of the modulation of the refractive index, n, in a volume diffuser of the 
present invention during processing and recording; 

Figure 19 is a schematic of an alternative recording arrangement utilizing a lens in accordance with the 
present invention; 

Figure 20 is a schematic of a shifted autoconrelation function due to a change in the angle of incidence of 
light incident a volume diffuser of the present invention; 

Figure 21 is a schematic of a dual aperture recording of a volume diffuser of the present invention; 
Figure 22 is a schematic of a triple autocorrelation function from a volume diffuser of the present invention 
illuminated with polychromatic non-plane light; 

Figure 23 is a schematic of a recording arrangement of a volume diffuser of the present invention wherein 
a reference beam is used; 

Figures 24A-D are schematics showing various recording beam and reference beam arrangements; 
Figure 25A and 25B respectively show a transmission volume diffuser and a reflection volume diffuser of 
the present invention; 

Figure 26 is a schematic of a rotating diffuser arrangement. 
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Showain Figure 1 is a light scattering structure 10 having random surface variations 12 which scatter light 
from light beam 14 in numerous directions. Each light beam 16 scattered from the structure or diffuser 10 can 
be described by the equation 

(1= l^ile** = re[il] + ilm[A] = r + il (Eq. .1) 

5 where i equals the square root of -1, This phasor representation of the scattered light takes into account the 
amplitude and phase of the scattered beam 16 for the coherent light case. Only when coherent light is incident 
the structure 10 does the phase component need to be considered because ail waves will interfere if the light 
is coherent. A typical source of coherent light is a laser. In Eq. .1 I jl | is the module which indicates amplitude, 
and e'* represents phase. The phasor jl can be represented graphically by the schematic in Figure 2 where 

10 the phasor is I I long and has imaginary and real components at an angle <I> with respect to the real or hori- 
zontal axis R. 

Light diffracted from the structure of diffuser 10 creates a speckle pattern. Speckle can be seen in a room 
as spatial variations of intensity of the light from point to point. Some points will be at high intensity or bright, 
and others wiil be at low intensity or dark. Referring again to Figure 1, specifically point P, the light incident 

15 point P is made up of light scattered from many directions each beam of which can be represented by a phasor. 
To calculate the intensity of the light incident point P, the phasors of all the scattered light beams at that point 
can be added. It is not possible to predict what the intensity will be at any particular point such as point P in a 
scattered light field. The results can be widely varying depending upon how the phasors happen to add up at 
that point. Figure 3 shows how three phasors Vi, vj, and V3 add up to comprise the light at point P. The result 

20 is a phasor Vi_3 having an angle 0* with respect to the real axis and amplitude R. Again, if noncoherent tight is 
used only the amplitudes need be considered because noncoherent light has an undetermined phase between 
0 to 2k, 

In another case, if the vectors v^ and V2 were pointing in substantially different directions unlike in Figure 
3, then when summed, the vectors would result in a composite vector v^ having a much smaller amplitude than 

25 the summation vector Vi_3 in Figure 3. Thus, both the amplitude and the phase of each of the component vectors 
at point P will determine the intensity of the light at point P. The results generally can be described by what is 
called the random walk. The random nature of the speckles is due to the random diffuser structure 10. 

Although it is not possible to predict position, intensity, or size of the speckles generated by random struc- 
tures exposed to coherent light, it is possible to detemnine the average size of the speckles (rms) using statistical 

50 averaging methods. The size of the speckles is related to the geometry of the mask diffuser aperture creating 
the speckles including its total area. Inherently, one analyzing this phenomenon would come to the conclusion 
that for a given size of diffuser having dimension P(u,v) with vertical height v and horizontal width u as shown 
in Figure 4, the speckles generated by the diffuser will be larger if the angular size of the aperture Is smaller. 
That is, where the total area of the diffuser is small the angular size of the aperture is small and the speckles 

55 will be large. Conversely, in an aperture of large area, it would be impossible for the huge number of phasors 
generated by that aperture to constructively interfere thereby reducing the average size of the speckles pro- 
duced by that diffuser. 

After deriving the size of the speckles, the size of the angular spectrum of the scattered light, i.e., the size 
of the beam scattered from the diffuser, can be determined from the size of the speckles. Inherently, it can be 
^ anticipated that the size of the angular spectrum of the scattered light, in other words the angular distribution 
of the scattered light, depends on the average size and shape of the speckles. If the speckles are small, the 
angular distribution will be broad. If the speckle size is horizontally elliptical, the shape of the angular distribution 
will be vertically elliptical. 

There are, broadly, two steps needed to create a speckle pattern. The first is to record speckles and the 
^ second is to scatter light incident on them. Speckles are recorded in the preferred embodiment of this invention 
by employing a mask diffuser having an aperture of known angular size upon which is incident coherent light. 
Light scattered from the mask diffuser aperture is then recorded on a recording medium such as a volume holog- 
ram which records the size and shape of each of the speckles created by the mask diffuser aperture. Then, 
the speckle pattern is reconstructed by exposing the recorded speckles in the volume hologram to light (cohe- 
50 rent or incoherent) which then creates a speckle pattern of desired size and shape. 

The recording set up is shown in Figure 5. A mask diffuser 20 having aperture 22 having speckles 24 in 
the form of ground glass for example, and blacked out area 26 has overall dimensions of W height and L width 
and aperture dimensions of P(u,v). The function P(u,v) describes the size and shape of the aperture. The mask 
diffuser 20 is exposed to a source of coherent light 28 such as a laser. The light is scattered by the aperture 
55 22 of mask diffuser 20 and propagates toward a recording medium 30 situated h distance away. The light beam 
propagating toward the recording medium 30 can be characterized by numerous phasors discussed above hav- 
ing varying amplitudes and directions. In random fashion, the light is recorded on the recording medium 30 
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which mayLin a preferred embodiment be dichromated gelatin (DCG) or photopolymer. The position of any one 
speckle recorded in the recording medium 30 is described by its x and y components and direction of scattered 

light by the unit vector s (s^, Sy). 

The reconstruction process, i.e., the illumination of the recorded holographic medium 30 is first discussed 
for purposes of analytical ease after which the recording process is discussed. 

The following equation J ( s) describes how the intensity of light which is scattered by the diffuser 30 
depends on a number of factors. 



J(s) = cosu A//dxdy e '^*' • w(r) (Eq. 1) 

15 ^ 

where r = (x,y), A is a constant, and s (s^, Sy, s^) where s^^ + Sy2 + s^^ = 1 , and w( ^ ^ is an autocorrelation 
function described by the equation 

W(?) = <t:(r-+ r)t *(r')> = 
W(x,y) = <t(x«4.x, y'+y) t*(x',y')> (Eq* 2) 

which is the autocorrelation function of the holographic diffuser 30 transmittance and where the symbol < . .'. 

> is the ensemble average and r is a 2D vector in x,y space and shows how the two functions, the shifted 
and unshifted functions, correlate or overlap. Because the size of the speckles is small the area of overlap be- 
tween two speckles is also small. In linear approximation the diffuser transmittance is proportional to the light 
intensity during recording of diffuser 30 and is described by the equation 

t = BI (Eq. 3) 

35 assuming linear photographic recording where t Is proportional to intensity, B is a proportionality constant and 
I is the intensity modulation. Intensity modulation by definition ignores any bias level intensity in the system. 

Thus, W ( can be described by the following equation where I is intensity. ^ • unshifted r and r is 
40 shifted r. 

W(r)a ^ < 1 ^ (?•) >^ (Eq. 4) 

45 

Note that although ^ is determined in the x, y, and z directions, the z direction need not be specified for 
the autocorrelation function because s is a unit vector, that is, | s | = 1 . Also note that the transmittance func- 

50 

tion t indicates that the function is shifted right or left by the amount r • as in t 

(r '+ r) . 

55 Eq. 4 depends only on the degree to which intensity modulates or varies above or below some bias level. 

According to Goldfischer in L.Goldfischer, JOSA. 55, 247 (1965) the intensity autoconrelatlon function is 
given by 



30 



5 



EP 0 479 490 A2 

< I (r+r') I (?•) > = C|F (r) I* (Eq. 5) 

where c is a constant and 

5 

F{?) -= F(x,y) =;jdudv P(u,v) e-^*''"*^* (Eq. 6) 

where again P(u,v) is the aperture function of the mask diffuser aperture 22. Substituting Eq. 5 into Eq. 1 we 
10 obtain 

J(s) = cost/ -D/Jdxdyl F(x,y) l^e'^*'*^ (Eq. 7) 

Substituting Eq. 6 into Eq. 7, we obtain 
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J(s^,Sy) = cosi^ -Dj/d/idv P(u,v) x (Eq. 8) 

P(u + s,-h, v+Sy-h) 



as can be seen in Goldfischer. It should be noted that all unifonm constant intensity factors are ignored for clarity. 

The ensemble average (<.,.>) is often used in random or stochastic processes where the overall picture 
or image is of interest. Many small characteristics or effects within the overall image are averaged to achieve 
the ensemble average. The book M. Born and E. Wolf, Principals of Optics, Pergamon Press (1980) provides 
25 a general discussion of stochastic processes and is incorporated by reference herein. 

It can be seen that t is the ratio of the amplitude of the intensity behind the diffuser 30 to the intensity in 
front of the diffuser 30 and Is a function of the recording process, in particular, the intensity of the light on the 
front side of the diffuser 30 (the side toward the mask diffuser aperture) during exposure. By definition then the 

autoconrelation function W ( r ) is proportional to the modulation of the light intensity ( ^ ) in space. 

The process of recording the diffuser 30 using mask diffuser 20 is described by Eqs. 5 and 6. The F in Eq. 
5 is defined in Eq. 6 and is the Fourier transformation of the mask diffuser aperture 22 and depends on the 
coordinate (x,y) of the plane of the diffiiser 30, i.e., F is a 2D Fourier transfonm of P(u,v) and where P as dis- 

35 cussed above, is the aperture function P(u,v) = ^. P(u,v) = 1 (inside aperture), and 0 (otherwise). 

Eq. 8 describes the relationship between the mask diffuser 20 exposed to coherent light radiation and the 
ultimate diffused speckled beam generated by the diffuser 30. Thus importantly, Eq. 8 penmlts a determination 
of the characteristics of the final speckle pattern directly from the characteristics of the mask diffuser 20 and 
the light to which to it is exposed without regard to the intermediate diffuser 30. Eq. 8 states that the angular 
distribution of fight behind the diffuser 30 is an autocorrelation of the aperture function P of the mask diffuser 
used for recording. In other words, the diffuser 30 is recorded using the aperture of the mask diffuser 20. When 
the diffuser 30 is afterwards illuminated or reconstructed it is found that the angular distribution of the light scat- 
tered from the diffuser 30 is based on the autocorrelation function of the mask diffuser aperture 22, i.e., the 
shape of the mask diffuser aperture. This important relationship can be used as a tool to create a controllable 
angular spectrum of light from the diffuser 30. This phenomenon is not possible without speckle and provides 
the basis for illustrating the importance and unexpected advantages of the volume holographic diffuser of the 
present invention. 

An example of the creation of a diffuser from a rectangular mask diffuser aperture is now provided. 
Referring to Figure 6. a mask diffuser aperture 34 having height W and width L made of, for example, ground 
^ glass is depicted. The aperture can be described by the equation 
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(Eq. 8.5) 



10 Using Eq. 8 the following is derived 



15 



J(s,,Sy) = cost/ D a / s,\ A / Sy\ (Eq. 9) 



where A is the triangular autocorrelation function in the form shown in Figure 7 having amplitude 1 and s^ interse- 
ctions at points -Sxo and Sxo- The triangle is the result of the autocorrelation or overlap of two rectangles. The 
function shows that intensity is a maximum where the rectangles (the rectus functions) are totally superimposed 
20 and the function is a minimum (zero) where the two rectangles separate completely say at -Sxo- According to 
Eq. 8.5 

Sxo = ^ (Eq. 10a) 

for the horizontal direction and 

Syo = ^ (Eq. 10b) 

for the vertical direction. 

It can be seen that the width of the base of the triangle Is twice the width of the rectangle in either the hori- 
zontal or vertical directions (L or W) respectively. This is illustrated in Figure 8 which shows an aperture 36 

30 having width W and converging extremal rays 38A and 38B upon the center of a diffuser 40 at angle Ho- The 
light scattered from the diffuser 40 (on the right hand side of diffuser 40) is scattered at an angle twice ^o• The 
dashed line 42 shows light scattered at an angle equal to jiq which is an angle equal to the light incident upon 
diffuser 40 from the aperture 38. But, as illustrated by the autocorrelation function studied above, the autocor- 
relation function is twice as large as the rectus function and thus the angular spectrum of the light scattered 

35 from the diffuser 40 is twice as large as the angular spectrum of the aperture 36. In summary, the angle m, is 
determined by the angular size of the mask diffuser aperture observed from the center point of the recording 
medium, and the size of the angular spectrum of the diffuser is twice the size of the angular spectrum of the 
mask diffuser aperture observed from the center point. Furthermore, the shape of the resulting intensity spec- 
trum is triangular whereas the shape of the original aperture was rectangular. 

40 Eq. 6 above shows the important conclusion that the size of the speckles in the diffuser is not determined 

by the size of the speckles in the mask diffuser aperture but only by the angular size of the mask diffuser aperture 
which in turn determines the intensity of the light passing through the mask diffuser aperture and incident upon 
the diffuser. Furthermore, in turn, the size of the speckles recorded in the diffuser determines the intensity angu- 
lar distribution of the scattered beam from the diffuser. The intensity of the scattered beam from the diffuser is 

45 not determined, as shown in Eq. 6, by the intensity of the beam incident the mask diffuser aperture. 

This recording technique allows the manipulation of the angular spectrum of scattered light by changing 
the shape and size of the original aperture thus providing a means to produce diffusers for myriad applications. 
For instance, if the original aperture has a circular shape the light scattered from the diffuser has a circular 
shape. If the aperture is rectangular, and the light incident the mask diffuser aperture is of uniform intensity 

50 distribution, the shape of the light scattered from the diffuser is rectangular and has a triangular intensity dis- 
tribution as discussed above. 

Referring to Figure 9, the shape 43 of a light beam scattered from a recorded diffuser is shown as rectan- 
gular. The angular intensity distribution of the light within the rectangular shape however is triangular and is 
strongest at the center of the rectangle and diminishes outwardly toward the edges of the rectangle. The fact 

55 that the intensity angular distribution is always triangular, due to the autocorrelation function, is one limitation 
of this method. This would substantially prevent recording step functions. 

The size of the speckles recorded in the diffuser is now determined from the size of the mask diffuser aper- 
ture. This is an important determination because the size and shape of the speckles recorded in the diffuser 
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determine jthe intensity of the light scattered from the diffuser. If Eq. 6 is rewritten in the fomn 
F{x,y) =/Jdudv P(u,v) e -*^"^'^ (Eq. 11) 

^ where fx = ^andfy = ^ and for a rectus aperture function P(u,v) =. rect^ ■ rect^, the following is derived: 

F(x,y) = sinc(fx L) sinc(fy-W) (Eq. 12) 

where sinc((;) = Eq. 12 is a sine function which is illustrated in Figure 10 and describes the shape of 

10 the speckles recorded in the diffuser. Referring to Figure 10, the first zero of the sine function is at -f^o and fx©. 

The following equations apply: fxo-L ~ ^ ~ ^^^o - ^ - = >^ ' Defining the size of an average speckle 

as the distance between the first two zeros of the sine function, -fxo, fxo. the average speckle size is therefore 
(2xo. 2yo) as illustrated in Figure 11 where 
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20 



Xo Ah (Eq. 13a) and = vh (Eq. 13b) 

L W 



This shows that speckle size is inversely proportional to the aperture size L and W, respectively. Referring to 
Figure 12 (also see Figure 8). if the size of the aperture increases, the size of the speckles decreases and the 
size of the angular spectrum of the scattered light increases. Conversely, if the size of the mask diffuser aperture 
decreases, the size of the speckles recorded in the diffuser increases and the size of the angular spectaim of 
25 light scattered from the diffuser decreases. Thus, if the mask diffuser aperture is long and narrow, the speckles 
will be long and nanrow as well with their axes oriented perpendicularly to the axis of the aperture. This holds 
true for both the volume holographic diffusers of the present invention and surface holographic diffusers. 
Denoting the speckle sizes by 

ax = 2Xoanday = 2yo (Eq. 14) 
30 and comparing Eqs. 10 and 14 we obtain 

2XoSxo= 2X,2yoSyo = 2X (Eq. 15). 
On the basis of Eq. 10 we have the following simple interpretation shown in Figure 12 where, if s^o = .1 (5°) we 

have 2Xo = — = 20X = lO^i, for X = .5\i, and L7h = .1. 

35 Here we define the following scattering centers Ax, Ay and the optical path length, L«, in the following form 

Ax = 2Xo = z^X (Eq. 16) 

where 8x = — and 
L 

Ay = 2yo = SyX (Eq. 17) 
40 Now considering a diffuser made firom a volume holographic material such as DCG in a preferred embo- 

diment, the thickness of the material is defined as T as shown in Figure 13 and the interaction length, U, is the 
total optical path length of a light beam through the material and is greater than T, i.e.. U > T. Defining 

T = ^iX (Eq. 18) 

we obtain 

45 Ls»Ax = SxX (Eq. 19) 

since. 

J = J (Eq. 20) 

we anrive at a typical \i of 80 for T = 40^ and X = .5^. Because Sx - 10. « 5-10 and since L- > T L- is about 
50 Ax 

. 10-100 of Ax. 

This means that light passing through the volume holographic material interacts with many scattering centers 
Ax throughput the volume thus increasing the optical path length of any light beam through the material many 
times. 

55 This phenomenon in the volume holographic material begins to look like a GRIN (graded refractive index) 

medium according to GRIN optics theory which is well known in integrated optics texts such as D. Marcus. Light 
Transmission Optics, Academic Press (1980). A volume holographic medium recorded with speckle is thus 
strongly nonhomogeneous, such as a GRIN lens, because U is much greater than Ax- Thus, the volume 
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holographic medium of the present invention can be defined as a purely phase highly nonhomogeneous GRIN 
medium. 

Purely phase GRIN media have two basic properties: 1) almost all incident light is scattered, i.e., specular 
light is very weak, and 2) only a small fraction of incident light is reflected, i.e., diffraction efficiency is close to 

5 100% (excluding Fresnel loss). Thus, almost all light entering a volume holographic diffuser of the present 
invention is passed through and not absorbed because the material is purely phase. Furthermore, almost all 
light that passes through the volume holographic diffuser is scattered so that no undiffracted beams of light 
emerge from the diffuser. These characteristics are all due to the volume nature of the material. 

As is characteristic of GRIN type media which have multiple layers of materials having different refractive 

10 indices (i.e. graded refractive indices), as the number of different refractive indices in the material is increased 
any ray that is incident the material follows a curved line through the material rather than a path having abrupt 
changes in direction. This is due to the fact that light attempts to spend more time in '^faster" portions of the 
media as illustrated in Figure 14. It can be seen in Figure 14 that the path length of the light wave in medium 
ni which has the highest Index of refraction is short compared to the path length of the light wave in medium 

15 n3 which has the lowest refractive index corresponding to the fastest medium. This phenomenon is described 
by the well-known Femriat principle. 

The volume holographic diffuser of the present invention acts like an optimized GRIN lens where there are 
no sharp boundaries between regions in the material having different refractive indices and there are potentially 
virtually innumerable numbers of different refractive indices present in the same volume due to the recording 

20 of speckles in the volume. We now show that the volume holographic diffuser of the present invention is purely 
phase in character and thus does not absorb or reflect incident light and scatters all light that passes through 
it. 

Referring again to Eqs. 13 and 16-19 for the average speckle size, Axo = ^— ^ = s^X (where = and is 
25 usually between 1-5), forX = .5|i and knowing that the total optical path length L3 > T = i^X which can be rewritten 
> iiX _ ii it can be derived that ^ = ^^^^^ which is » 1 0. Thus ^ « 1 0 which means that all light going 

Ax €xX Ax Sx Ax 

through the volume is substantially scattered. Additionally, no light is reflected from the volume because it is 
known that in GRIN media there is no reflection because there are no edges or sharp boundaries from which 
30 light can reflect. 

The need to eliminate such boundaries within the material is apparent and can be accomplished through 
smooth processing of variations in the refractive Index in a volume holographic diffuser of the present invention. 
This is possible because the speckle recorded in the diffuser is not detemnined by grains in the material as it 
is in silver halide type diffusers or by surface roughness, but are unexpectedly created by the boundaries be- 

35 tween changes in the reflractive index in the material. In this sense, the speckles recorded in the volume 
holographic diffuser are "true" speckles. A preferred method of processing is now described. 

Volume holographic material such as DCG is used in fabrication of high efficiency volume diffusers. The 
volume diffuser can be either holographic or kinofomi. In either case, the volume nature of the diffuser and its 
associated processability are essential for production of high efficiency diffusers (neariy 100% if Fresnel loss, 

40 8%, is neglected). 

Refenring to Figure 15. during recording of such diffusers, a point P on the recording material receives an 
infinite number of elementary plane waves composing the incident diffused laser beam at wavelength X (e.g., 
X - 514nm firom an Argon laser). In order to record the amplitude and phase infonmation of the incident beam 
at point P, the resolution limit of the material must necessarily be very high. Silver halide when bleached property 

45 can provide such resolution, but its resolution is limited by the size of the silver grain. In volume phase material 
like DCG, however, there is no limit on the resolution (because of the molecular sizes of its refractive index 
changes). The silver halide case is shown in Figure 16 where incident light beam 1 is reflected at grain bound- 
aries and lost as shown by beams 2. 3, and 4. and beam 5 is the transmitted (modulated) beam. The DCG 
case is shown in Figure 1 7 where, because the index change is based on molecular sizes, the material presents 

50 gradual refraction index boundaries. Therefore no reflection losses occur inside the material. 

According to the above models of silver halide and DCG, it is clear that the losses in grain type material 
will be proportional to the number of photo active grains, which increases with the information content of the 
incident beam. Therefore, scattered light will increase with an increase in efficiency and information content of 
the recording laser beams. It seems that this is the reason why there are limits in maximum efficiency and signal 

55 to noise ratios achievable with silver halide materials as shown by Solymar & Cooke. Uriiv, of Oxford, U.K. 
Holography Group. 

In the approach of the present invention, volume phase material like DCG is used where there are theoreti- 
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cally no such limits on efficiency and S/N ratio. The material has very high efficiency. 99.99% efficient 
holographic nnirror DCG holograms are achievable with ease which suggests an index modulation as high as 
0.15. This shows very high dynamic range and resolution. Also, DCG when property processed, is as clear as 
glass. These important properties of DCG volume phase material as well as DCG/polymer graft/composite and 
5 highly-efficient photopolymers are Important for practical development and production of high efficiency diffus- 
ers. 

Processability of the recording material is also essential for production of efficient diffusers. Most recording 
materials have limited spectral sensitivity. DCG, for example, is photosensitive only to X in the vicinity of 500nm. 
When recording with a fixed laser (e.g., .A. = 514nm or 488nm from an Argon Ion laser), the hologram normally 
10 has a rather narrow spectral (i.e., wavelength) response, which is suitable for applications like three color 3D 
projection screens. However, when white light is used in applications, such as in automobile headlights, the 
diffuser must have a broadband response. Therefore the recording material must be processable for different 
applications. Volume phase materials like DCG possess this essential property. 

For a particular application, several parameters are preferably optimized. For a particular type of gelatin: 
15 thickness of the film is 5-100 microns; hardness of the film is achieved by 5 hours to a few weeks hardening 
time plus prebaking; dichromate concentration is varied to create nonuniform hardness which may provide large 
bandwidth; exposure energy is 50-1000 mJ/cm^; recording wavelengths are 457, 488, and 514nm, as well as 
others, in the vicinity of this region. 

Preferred processing parameters and steps necessary to achieve required bandwidth and peak wavelength 
20 and efficiency of the diffuser of the present invention include: 1) fixing time of 3sec-1min in fixer solution for 
optimum hardness; 2) swelling time of 3-10 minutes in water at an optimum temperature of 25-30**C. Longer 
swelling gives wider bandwidth and longer peak wavelength; 3) processing times in water/alcohol baths of 25- 
SO^'C for 1-2 minutes each bath. Faster processing time gives wider bandwidth and vice versa; 4) baking in 
vacuum oven at SO-IOO^'C for 5 minutes to 1 hour. Baking In vacuum reduces the bandwidth but is necessary 
25 to obtain a stable hologram for a longer time; and 5) sealing the hologram with a cover glass using optical epoxy. 

For a particular application tike a headlight diffuser where wide band response is required, a thin emulsion 
with higher dichromate concentration is preferable. A moderately hard film (about 24 hours old - aged or har- 
dened by the so called "dark reaction" technique) and exposure energy of 400 mJ/cm^ with 514nm recording 
wavelength can usually provide the necessary parameters. 
30 For a holographic diffuser (i.e., recorded with a separate reference beam in addition to the recording beam 

as described below) a thicker film with moderately high concentration will provide broader bandwidth and higher 
efficiency. 

For multiplied holographic diffusers, as described below, such as three color, 3D projection screens (such 
as in U.S. Patent No. 3,479,111). where higher angular resolution is necessary, a thick DCG film is preferable. 

35 The recording process of the volume holographic material permits the recording of smooth boundaries be- 

tween areas having different refractive indices. Figure 18A-D shows the evolution of the modulation of the ref- 
ractive index in a volume holographic material during processing and recording. Figure 18A shows the level of 
exposure energy, E, across the material in the z axis, Figure 1 8B shows the hardness, H, at the molecular level 
of the polymer chains of the material, Figure 1 8C shows the density p of the material and how the density varies 

40 gradually across the material, and Figure 18D shows the final modulation of the refractive index, n, in the ma- 
terial. Note that all of these effects are at the molecular level and so are inherently very smooth with respect 
to light diffracted by the material. 

Another embodiment of the invention involves recording the volume holographic diffuser with a lens. Ref- 
erring now to figure 19, a lens 50 is positioned between a ground glass diffuser 52 and the holographic volume 

45 54. The lens 50 is used during recording of the diffuser 54 to assist in efficiency of the recording process par- 
ticularly with respect to maintaining optical intensity of the recording laser beam. The lens 50 is situated at a 
distance from the diffuser 54 equal to the focal length f of the lens. With respect to the above analyses, the 
distance h would be replaced with the distance f in the above equations. In this case, P(u,v) in Eq. 8 is rep- 
resented by the tens aperture, and h is replaced by f. Then, instead of equations 13 and 14, we have 

^ ax = 2Xo = (Eq. 21) 

and 

ay = 2yo = ^ (Eq. 22) 

55 in accordance with Collier, et al.. Optical Holography, 347, Academic Press (1 971) incorporated herein by refer- 
ence. 

In the above discussions, it was shown that the diffuser was recorded using a single beam of coherent light 
and reconstructed using a monochromatic plane wave (either coherent or noncoherent). Multibeam recording 
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and non-monochromatic beam reconstructing are preferable in certain applications. The non-monochromatic 
beam constructing method is now discussed. Referring now to 

Mo(r) = /i^exp(iks^'r) (Eq. 23), 

5 

Eq. 23 governs a monochromatic plane wave reconstruction beam (as in the original case) and is slightly 

generalized to include non-normal angles of incidence, i.e., ^ 0. The ensemble average of Eq. 23 is 

10 ^ . ^ 

< M (r'+r) M (r') > (Eq. 24) 



as a consequence, instead of Eq. 2, we obtain 

15 

W(?) exp (ik So • r) (Eq, 25) 

20 

where 

25 w(?) = < t(?'+f) t (r-) > . 

Now, assuming a slowly varying function cos v, J(s) in Eq. 1 can be replaced by the generalized formula 



30 



J(s,sj = cosu I, (sj//dxdy e"^^^' "-^^ W(r) (Eq. 26) 



and thus, with accuracy to slowly-varying terms 

35 



J(s,sJ - J(s-sJ (Eq. 27) . 



40 



From Eq. 26 it can be seen that J depends on s-Sq. This is called angular invariancy. 

Now, if the reconstruction wave is made a non-plane wave (but still monochromatic) and after numeralizing 

J( s , g o) we obtain the following general formula for the monochromatic, arbitrary illumination case 



J(s)=/Jh(s-sJ I„ (sj ds„dSyo (Eq. 28) 

where 

h(s-s^) =cost//J"dxdy e '^^''^* W(r) (Eq. 29) 

50 

is the impulse response of the system. Eq. 28 is a generalization of Eq. 26 and describes the broadening of 
the angular spectrum scattered by the diffuser due to non-plane illumination. The angular spectrum of incident 
illumination is described by lo(So)- 

Eq. 28 is for the monochromatic case, thus for the non-monochromatic case J(s) should be replaced by 

55 
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J (S) -> J (S, A) 



(Eq. 30) 

as well as 



lo (So) -> lo (So/^) (Eq. 31) 

and Eq. 28 should be replaced by 

J(s) =///h(S-s^, A) I, (s,,A) ds.ds.dA (Eq. 32). 

15 Thus, the equations have been generalized to take into account non-plane wave reconstruction beams and 
polychromatic reconstruction beams. The additional polychromatic broadening is obtained by the only 
wavelength dependent factor 



(Eq. 33) 



Eq. 33 shows that J ( s ) depends only on 

(s - sj 



angular invariance. This shows that if the angle of incidence of light on the diffuser is changed, the shape of 
the scattered beam from the diffuser does not change, only its direction. Thus, if the original response of the 
diffuser was the triangular autocorrelation function, then even in the polychromatic non-plane wave reconstruc- 
tion case the intensity response remains a triangular autocorrelation function but shifted for each different angle 
30 of incidence as shown in Figure 20 for the monochromatic case. In order to estimate the degree of broadening, 
the X dependent phase term of Eq. 33 is considered in the form 

O = ^Srx (Eq- 34). 

Now, comparing the effects of wavelength shift (polychromatic case) and angular shift, the phase term in Eq. 
35 33 is differentiated with respect to Sx and X. Now. assuming AO = 0 the equivalent angular shift is derived in 
the fonm 



40 



50 



A* = 0 -> A / s,\ = 0 (Eq. 35) 



!!■) 



and thus 

AX , AS; 



^ Then assuming Sx = sinv we have dSx = cosvdv and instead of Eq. 36 the following is derived 

(Eq. 37) 



Sx tanv 

and specifically for tanv » 1 we roughly have, using Eq. 36, 

^ = Av (Eq. 38). 



In general according to Eq. 35 the angular spectrum (i.e., ASx>0) is broadened for longer wavelengths. This 
broadening can be estimated using Eq. 38. For AX = 20nm in Eq. 38, Av (angular change) is 2°, This means 
that the effects of wavelength shift in the polychromatic reconstruction beam case are much smaller than the 
effects of angular shift in the non-plane wave case involving varying the angle of incidence of the reconstructing 
beam on the diffuser. 

Another embodiment of the volume holographic diffuser of the present invention involves recording the dif- 
fuser using double mask diffuser apertures as shown in Figure 21. In accordance with Eq. 8 above, the equation 
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defining this situation is P(u,v) = Pi(u,v) + P2(u,v) and, instead of a single autocorrelation response, three res- 
ponses are obtained: a cross conrelation of with P2 (Pi+Pa)* and the cross correlations of P2 with Pi (P2*Pi) 
and the autocorrelation pattern combining the correlations of P, with itself (Pi*Pi) and P2 with itself (P2*P2)- 
Writing Eq. 8 in abbreviated fomn we get (accurate for slowly-varying factors) 

5 J = {P*P} (Eq. 39) 

where * is the conrelation symbol. Expanding Eq. 39 the following is obtained 

J = Pi*Pi + P2*P2 + Pi*P2 + P2*Pi (Eq. 40) 
The first portion of Eq. 40 is the autocorrelation term and the second portion is the cross conrelation tenm. The 
multiple correlation functions are illustrated in Figure 22. 

10 In another embodiment of the present invention, the volume holographic diffuser can be recorded with an 

additional reference beam as shown in Figure 23. In this case, since the hologram is of the volume type, we 
obtain the Bragg reconstruction of the diffuser pattern with Bragg angular and wavelength selectivity when the 
diffuser is illuminated. The ability to control Bragg angular and wavelength selectivity further increases the 
flexibility of the diffuser. The Bragg conditions are described in Collier, et al.. Optical Holography, mentioned 

15 above. 

Angular selectivity allows use of multiplexed diffusers. For instance, if the original recording beam is desig- 
nated D1 and the second recording beam (reference beam) is designated R1, two different sets of speckles 
will be recorded in the diffuser. In another case, if two different mask diffuser apertures are used to record the 
diffuser using beams D1 and D2, then two different reconstructing beams Rd & Rc2 may be used to reconstruct 

20 their respective diffuser structures recorded by Di and D2. Since the volume holographic diffusers have Bragg 
selectivities, the reconstructing beam Rd will reconstruct only diffuser beam Dv The beam will reconstnjct 
only diffuser beam D2. Thus, Bragg selectivity can be used to implement a Stereoscopic viewing system where 
the image from the first reconstruction beam is directed to one eye and the image from the second reconstruc- 
tion beam is directed to the other eye. This type of system may be used to implement a 3D viewing system of 

25 the type generally disclosed in D. Gabor, U.S. Patent No. 3,479,11 1. 

Figures 24 A-E show various arrangements for recording volume holographic diffusers of the present inven- 
tion. Figure 24A shows the recording of a holographic diffuser using only one beam D which emanates from a 
mask diffuser aperture. Figure 248 shows holographic (dual beam recording) where a volume diffuser is recor- 
ded using the original beam D and an additional reference beam R. Figure 24C shows the reversal of the posi- 

30 tion of the reference beams D and R from the arrangement illustrated in Figure 24B. Figure 24D shows recording 
a volume diffuser using two different masks DI and D2 and consequently two different recording beams (but 
no reference beam). Figure 24E shows two recording beams Di and D2 and two reference beams Ri and R2. 
In reconstruction RI references only D1 and R2 references only D2 due to Bragg selectivity. The number of 
recording and reconstruction beams and their positioning can be varied virtually infinitely. 

35 In yet another embodiment of the present invention, the volume holographic diffuser may be of either the 

transmission or reflection type as shown in Figures 25A and 25B. In Figure 25A the light beam incident the 
diffuser from the left hand side is scattered in many directions from the right hand side of the diffuser in the 
same direction, generally, as the incident beam. In Figure 25B, a reflection type grating reverses the direction 
of the scattered phasors with respect to the incident beam. This is accomplished by metalizing (or creating a 

40 mirror at) one side of the diffuser, in this case the right hand side. The incident beam travels through the medium 
and is diffracted by numerous changes in the refractive index of the material, reflected from the metalized back 
surface of the diffuser, further diffracted by numerous changes in the refractive index of the material, and 
emerges in a direction generally antiparallel to the incident beam on the same side of the diffuser as the Incident 
beam. 

45 There are numerous and important applications for the volume holographic diffusers of the present inven- 

tion. Holographic light transfomners (HLTs) are useful in a variety of applications where light must be shaped 
in one or two dimensions. Examples are indoor task lighting and uniform and nonuniform illumination of indoor 
and outdoor signs. Headlights of automobiles typically must have n.onunifonm light distribution to prevent blind- 
ing oncoming drivers and yet insure adequate illumination of upcoming terrain. A diffuser of the present inven- 

50 tion may be used in the headlamp assembly to achieve the appropriately shaped beam. Indoor and outdoor 
. commercial and industrial lighting requires appropriate ambience and directional characteristics of the light. 
One diffuser may be used to achieve both of these. Holographic light transformers using the diffuser of the pre- 
sent invention may turn one beam into many beams or project light in an off axis way. Not only can a program- 
med far field radiation pattern be achieved with the diffusers of the present invention, but an output color which 

55 is optimized for the application and not completely dependent on the output spectrum of the source may be 
achieved by tuning the hologram to the appropriate wavelengths or using absorption dyes. 

Conventional diffusers such as ordinary frosted glass may be replaced with the diffusers of the present 
invention. Ordinary frosted glass diffusers are only capable of scattering light into a hemispherical pattern and 
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rely on surface roughness, a nnicro scale inregularity which is difficult to control, to achieve the diffusion. Desig- 
ners thus have little ability to specify a particular scattering pattern. The diffuser of the present invention, on 
the other hand» may be recorded with variations in the index of refraction in the voiunne hologram that achieve 
a variety of beam shapes and give the source a glare-free appearance. Examples include a holographic diffuser 
5 on a round flash light that can produce an elliptical illumination pattern. This would normally require an elliptical 
reflector on a state of the art flashlight. The diffuser of the present invention can achieve the elliptical illumination 
pattern using existing reflectors. Furthermore, the diffvisers of the present invention can in addition to scattering 
light into a hemispherical pattern, spread light into a moderate angle usually between 20-80°, and at extremely 
low cost 

10 In another extremely important application of the volume holographic diffusers of the present invention, the 

diffuser is used as part of a flat panel display such as in high definition television (HDTV). Employing a vertically 
oriented mask diffuser aperture, a speckle pattern in the diffuser is recorded that when reconstructed provides 
a horizontally elliptical angular spectrum. The diffuser, when integrated into the front of a flat panel display, 
increases peripheral viewing and resolution greatly. Examples of HDTV displays are discussed in L. Tannas, 

15 Jr., HDTV Displays in Japan: Projection - CRT Systems on Top, IEEE Spectrum (Oct. 1989). The diffusers of 
the present invention may be used to accurately con serve energy at the viewing surface of the screen and keep 
it confined to the solid angle subtended by the audience, otherwise known as screen gain. Screen gain is 
defined as the ratio of luminous output firom a viewing surface compared to a Lambertian distribution. The dif- 
fusers of the present invention can achieve control of screen gain at low cost. Current screens employ surface 

20 texture to achieve desired screen gain at higher cost and less efficiency than a volume holographic diffuser. 

An example of the design of a preferred projection screen begins with Eqs. 13 A and B A^ = Ay = 

2Xh 

where A^ and Ay define the average statistical sizes of the speckles (scattering centers) in the x and y direc- 

25 tions respectively. Since in a projection screen it is desirable to have a wider field of view and resolution in the 

horizontal direction. Ay should be larger than A^ and thus W should be less than L. For instance, *^ ^ ~ § 

Ax is « 5X which is a few microns, a microscopic pattern not visible to the eye. 

As noted above, although any holographic speckle pattern used to control scattering light has an intensity 
30 that is maximum in the center and decreases outwardly, and whose scattered beam is less well defined than 
the shape of the original aperture, these negative effects can be minimized by changing the angle of incidence 
on the diffuser by superimposing many plane waves of different indicent angles on the diffuser to achieve an 
autocorrelation function that is more step function like in character as discussed above and shown in Figure 
20. 

35 Diffusers may also be rotated or moved to obtain source width regulated spatial coherence. This effect is 

not limited to the volume holographic diffusers of the present invention but may be employed, unexpectedly, 
with any type of diffuser. In these cases, the rotation of the diffuser must be sufficiently fast to satisfy the ergodic 
hypothesis described in M. Born and E. Wolf, Principles of Optics, Pergamon Press (1970). The fundamental 
requirement of a rotating diffuser is that a large number of speckles should pass the point of observation during 

40 any given response time of the detector. 

The detector response time, t, and other dynamic parameters of the diffuser such as linear velocity, v, and 
the number of speckles, N, passing the pinhole, during the detector response time are related by the following 
equation 



45 

t = MAnns (Eq, 41) . 

V 



so In order to obtain the Ergodic process we assume that the number N should be 

N>10 (Eq. 42). 

Using the elementary relation between linear velocity and frequency of rotation and Eqs. 41 and 42 we obtain 

N = tr--|^> 10 (Eq. 43) 

Arms 

55 and we obtain the following relation for maximum detector frequency response 
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^ = 1 < ilX (Eq. 44). 



For example, for a cycling frequency of 100Hz» radius of rotation r = 1 meter and = 1mm we obtain v = 
100kHz. 

In the case of the rotating diffuser, the radius of spatial coherence pcoh is equal to the speckle's rms (average 
speckle size) which equals Arms . 
^0 Pcoh = Arms (Eq. 45) 

This formula allows the production of sources having regulated degrees of spatial coherence. The degree of 
regulation can be varied by modifying the aperture function P(u,v). The following shows that in spite of spatial 
coherence changes the temporal coherence of the diffuser is only slightly degraded. 

According to Goodman, Statistical Optics, 195, the mutual coherence function of light scattered by a moving 
15 diffuser, with velocity v and nms = a, is 

^(Vl^yZ^T) = e""^^^*' e"^^"*' e2.».rAT ^JZn^r ^gg^ 

20 

where Ay = y2 - yi. and x is time delay. According to the Wiener-Chinchin theorem. 



25 



G(7) =J^<p(r)exp(-j2»7r)dt (Eq. 47) 



and the uncertainty relation, 

AtAy-1 (Eq. 48) 
30 it is seen that the temporal part of Eq. 48 has the form 



^(f) a e (Eq. 49) 



35 

where 

40 



Ar ySu (Eq. 50) 



while the spatial part of Eq. 48 is defined by 

(t)(Ay) a expI-a(Ay)2] (Eq. 51). 
45 Therefore, the approximate radius of spatial coherence p^oh >s 

1 

Pcoh = (Eq. 52) . 



50 



Comparing Eq. 52 and 54 we obtain 



55 



= ^coh (Eq. 53) . 

u 



Thus, according to Eq. 48 



15 



EP 0 479 490 A2 



^7 = _1 = (Eq. 54) 

Pcoh 



and thus 



Ajl = ii • A ^ • A (Eq. 55) 

10 7 Pcoh C C pg^h 



and since pcoh > X we finally obtain 

15 



20 



35 



55 



Therefore for v«c, we obtain 



4a < JJ (Eq. 56) • 

7 c 



^«1 (Eq. 57). 

Y 



For example, for f = IOOH2, r = 1m, v = litf r ^ 600m/sec, while c = 3-1 0« meters per second, ^ < ^'^^ = 

25 ^ y 3-108 

2-10-« = For X = 1^m = 10^ angstroms, AX = .02 angstroms, 

30 A volume holographic or other type of diffuser rotated suffrcientiy fast to satisfy the Ergodic equations can 

be used where secrecy of communication is desirable. Because only the spatial coherence of the signal is mod- 
ulated, conventional detectors can not detect any signal (unless a coherence detector is used). This type of mov- 
ing diffuser may be used with a coherence filter as disclosed in U.S. Patent No. 4,958,892 Diffraction Coherence 
Filter. 



Claims 



1. A diffuser having an entrance surface and an exit surface for light passing therethrough comprising a purely 
40 phase volume holographic medium recorded with scattering boundaries defining smoothly varying 

changes in the refractive index of the medium and providing random and scattered optical path lengths 
for scattering light traveling through the diffuser which are at least several multiples greater than the point- 
to-point distance between the entrance and exit surfaces of the diffuser. 

45 2. The diffuser of claim 1 used to control the illumination pattern of a vehicle headlamp. 

3. The diffuser of claim 1 used to control the illumination pattern of a light source. 

4. A flat panel television display including a diffuser having an entrance surface and an exit surface for light 
50 passing therethrough which controls the viewing angle of the display comprising a volume of holographic 

material having recorded therein vertically oriented scattering boundaries defining smoothly varying 
changes in the refractive index of the material and providing random and scattered optical path lengths 
for scattering light traveling through the diffuser which are at least several multiples greater than the point 
to point distance between the entrance and exit surfaces of the diffuser. 



5. A communication device for modulating a signal-canrying laser beam including a rotating diffuser which 
modulates the spatial coherence of the beam comprising a volume holographic material having recorded 
therein speckle defining smoothly varying changes in the refractive index of the material, the diffuser rotat- 
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ing aLa speed sufficient to satisfy the ergodic condition: 

N = t.r.|-^>10 

where t is the detector response time, r is the radius of rotation, f is the cycling frequency, N is the number 
of speckles, and Arms is average speckle size. 

A device for controlling the degree of spatial coherence of a light source comprising a volume holographic 
diffuser recorded with speckle defining smoothly varying changes in the refractive index of the diffliser and 
rotated at a speed sufficient to satisfy the ergodic condition: 

N = t r •|^>10 

Arms 

where t is the detector response time, r is the radius of rotation, f is the cycling frequency, N is the number 
of speckles, and Arms 's average speckle size. 

A reflection diffuser comprising a volume holographic medium having two opposing sides and recorded 
with scattering boundaries defining smoothly varying changes in the refractive index of the medium which 
cause light passing through the diffuser to scatter and follow random paths the length of each path being 
at least a few multiples greater than the distance between the two opposing sides, one side of the medium 
being inwardly reflective so that a light beam entering the other side of the medium is diffracted by the 
medium, is reflected from the inwardly reflective side, and is further diffracted by the medium before exiting 
other side. 

The diffuser as defined in any one of the preceding claims, recorded from a plurality of mask diffuser aper- 
tures. 

The diffuser as defined in any one of the preceding claims, recording with first scattering boundaries from 
a first mask diffuser aperture and first reference beam, and second scattering boundaries from a second 
mask diffuser aperture and second reference beam, where the first scattering boundaries reconstaict with 
the first reference beam and the second scattering boundaries with the second reference beam. 
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